The effect of spatially varying shear on transport to the wall of a two-dimensional branch was examined, using oxygen as the test solute and the results of earlier fluid mechanical calculations to provide the shear profiles in a region characterizing the aortic bifurcation. The numerical technique employed allowed both blood-phase and mural resistances to solute uptake to be treated simultaneously and self-consistently. The calculated profiles of wall concentration and mural flux were significantly different from those which would have obtained if the shear had been uniform. The calculations suggest that, even when solute is rapidly taken up from the blood, the occasional high-shear and flow-development sites encountered along the arterial tree prevent the diffusion boundary layer adjacent to the wall from thickening to the point at which nutrition is compromised. The indirect effect of arterial geometry on transport, consequent to its direct effect on the magnitude and the distribution of the relevant hemodynamic variables, was illustrated using the branch area ratio as the geometric parameter. The shapes of the flux and interfacial concentration profiles along the branch wall were markedly dependent on the extent to which wall shear affected intimal permeability.
• Certain regions in the arterial tree, such as the inside walls of bends and the neighborhoods of branches and ostia, appear to be particularly prone to develop atheromatous lesions. This predisposition may reflect a variability in arterial properties (i.e., elasticity, permeability, metabolism) along the tree, or it may be related to arterial geometry per se. At present, there is no strong reason to reject either of these nonexclusive alternatives.
The latter alternative is the basis of a number of so-called "hemodynamic" theories of atherogenesis, in which the distribution of lesions is related to geometric effects on the pulsatile blood flow through the arterial system. Gessner (1) has presented a critical review of these theories. In general, the hemodynamic theories suggest two closely related mechanisms by which geometric effects on blood flow can affect the wall: by mechanical actions such as shear or turbulence or by alterations in mass transport rates in the neighborhood of the mural interface. In an earlier work (2), we have reported on fluid mechanical calculations directed toward an understanding of wall shear profiles in a branch and their role in atherogenesis; in the present paper, with similar motivation, we will examine the fashion in which these profiles may affect transport phenomena.
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It is well known (3) that mass transfer at the mural boundary of a flowing medium is inextricably related to the fluid mechanical shear at that boundary, even if the properties of the interface are unaffected by shear. In the arterial system, there is ample evidence that shear affects the vascular interface as well as blood-phase transport. The enhancement of arterial uptake of albumin found by Fry (4, 5) and by Carew and Patel (6) to follow an elevation in wall shear is no doubt attributable at least in part to a response of the wall itself to this increase in stress, very likely an increase in intimal permeability. Thus, it is important in formulating a description of arterial transport to include the capability of treating simultaneously both bloodphase resistance (through the so-called concentration boundary layer) and variations in intimal permeability.
A number of experimental studies of the transport of solute between blood and the arterial wall should be noted. Besides the investigations of albumin uptake cited earlier, Caro and his coworkers (7) (8) (9) have also looked at the effect of shear on wall flux but with greater emphasis on transport within the lumen. To support their hypothesis that the development of atherosclerosis is promoted by impaired transport in low-shear regions of the arterial tree, Caro et al. (7) used the nitrogen dioxide-wet litmus reaction to study the spatial distribution of wall flux and shear in thoracic aortic casts and model branches in steady flow. Caro and Nerem (8) and Caro (9) applied boundary layer theory to analyze their data on the flux of labeled Circulation Research, Vol. 37, October 1975 cholesterol to the wall of the dog common carotid artery in vitro. A steady flow was maintained through the arterial segment so that the wall shear was constant. The shear along the intima was assumed to be spatially-uniform, and it was further assumed that the tracer concentration at the intimal interface was uniform and constant throughout the duration of the experiment. The variation of wall flux with distance along the arterial segment and the magnitude of the flux itself differed from the predictions of the theory when it was applied with the assumed wall boundary conditions, but the predicted shear dependence of wall flux may have been observed.
In examining the fashion in which physical theory may be used to study shear effects on exchange between blood and the arterial wall, it is immediately evident that the direct effect of shear on the wall is still the province of the experimentalists. In contrast, the equations which govern boundary layer transport in the fluid phase are well known, and a considerable body of fundamental knowledge exists (3) . The approach taken in the present paper was to formulate the exchange process as a boundary layer problem and to incorporate the shear-modulated properties of the wall into the boundary conditions which must be satisfied by the solution of the blood-phase transport equations. The shear along the wall of a branch varies in both time and space when flow is pulsatile, and the equations of mass transport are correspondingly complex. As a first attempt at assessing the effect of spatially varying shear, the temporal variation of this variable was neglected; most of the calculations whose results are presented in this paper were carried out using the steady-flow shear profile presented by Friedman et al. (2) .
The test solute for these calculations was dissolved oxygen. This solute, which very likely diffuses to the artery through the plasma skimming layer adjacent to the wall, was selected because of the availability of data on its diffusion coefficient and consumption rates and because at least one theory of atherogenesis (10) is based on local mural hypoxia consequent to impaired diffusion of oxygen in the blood phase.
Mathematical Methods
GOVERNING EQUATION
The detailed derivation of the solution of the equations describing diffusion in a spatially varying laminar shear field has been described elsewhere (11) . We will only briefly review this material in the present paper. The unsteady convective diffusion equation in the twodimensional Cartesian (x-y) geometry employed for the fluid mechanical calculations (2) is:
where Dis the diffusion coefficient of the solute, C is the solute concentration (or the tension of a dissolved gas), x and y are the spatial coordinates, t is time, and u and u are the components of fluid velocity in the x and y directions, respectively.
This equation was used to calculate transport to the outer wall of the same symmetric two-dimensional 90°Y -shaped branch as that employed for the fluid mechanical calculations (2) . The branch geometry is presented in Figure 1 . Except where noted, the area ratio of the branch, a, is 0.796. Since the flow problem was solved in nondimensional form, it was useful to nondimensionalize Eq. la in a consistent fashion. Accordingly, the spatial coordinates were normalized by the half-width, L, of the parent channel: x = x/L and y = y/L. Time was expressed in terms of the angular frequency, OJ, of the periodic flow: r = wt. The velocity components were normalized by the mean inlet flow velocity, U: u = u/U and v = u/U. The solute concentration was normalized by the (assumed uniform and constant) inlet concentration, C 0 :C(x,y) = C(x,y)/C 0 .
Eq. la thus becomes Branch geometry.
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The solution of Eq. lc for U(x,y, T) depends on the boundary values of the problem, the values of the nondimensional parameters rj 2 v/(2D) and Re m v/D, and the specified velocity fields ii(x,y, T) and u(x,y, T)B ecause of these last two variables, the equation for C cannot be solved until the solution of the fluid mechanical problem for u and 0 has been obtained. Since the rheological properties of blood have been regarded as independent of (in the present case) oxygen tension, the fluid dynamic solution (2) is not correspondingly dependent on a knowledge of the concentration profiles.
The coefficient of the second term on the right of Eq. lc, Re m v/D = UL/D, is the Peclet number for diffusion, Pe'. In the steady-flow case to be studied in this paper, the first term on the right of Eq. lc vanishes because there is no variation of concentration with time; hence, the dimensionless Pe' is the sole parameter of Eq. lc. It should be noted, however, that the steady solution of this equation also depends explicitly on Re m through its influence on the spatial variation of u and u.
SOLUTIONS OF THE GOVERNING EQUATION
Eq. lc, with dC/dr = 0, was solved in two ways: by a direct finite-difference formulation and by using a boundary layer approximation. Both of these approaches have been discussed in much greater detail by Ehrlich and Friedman (11) than they will be in this paper. The finite-difference technique solves Eq. lc by approximating the derivatives of concentration by differences between concentrations at a series of mesh points within and on the boundary of the branch. The exact differential equation is thereby approximated by a set of algebraic equations for the concentrations at the mesh points.
Although the finite-difference technique gives an approximate solution to the full differential equation, the boundary layer approach gives an exact solution to an approximated problem. The approximations made are as follows. (1) Solute flux in the x-direction is governed by the convective term udC/dx; the diffusion term 3 2 C/dx 2 is neglected. (2) The solute concentration is equal to the inlet value (C = 1) everywhere in the region except in a thin layer of fluid adjacent to the vessel wall. The fluid-phase resistance to exchange between the blood and the arterial tissue is thus localized entirely to this "concentration boundary layer." The thicker this layer, the greater is its resistance to mass transfer. (3) Within the concentration boundary layer, the fluid velocity parallel to the wall is proportional to the perpendicular distance from the wall; the proportionality constant is the velocity gradient at the wall. This gradient is proportional to the shear stress at the wall and varies along it.
The boundary layer solution was generalized from Lighthill (12) . Two solutions were found, one giving the flux of solute to the wall as a function of solute concentration at the wall and the other giving wall concentration when the wall flux profile is specified. The solutions are
is the nondimensional flux of solute into the wall at a position x along the wall; the dimensional wall flux is g(x) = DCogIL moles/cm 2 wall area sec" 1 . The function Q. w (x) is the nondimensional wall shear found from the corresponding flow calculation; it is related to the dimensional wall shear T W by T W = n 2 Re m Q w /(L 2 p), where n is fluid viscosity and p is fluid density (2) . The nondimensional wall concentration C w (x) = (solute concentration at the blood-wall interface)/C 0 . The variables x, and x' are dummy variables of integration; the gamma functions, F (V:i) and T (%), are integrals whose numerical values are 2.68 and 1.35, respectively. Since the nondimensional concentration of solute C was presumed to be unity (C = C o ) everywhere upstream of the section, C w should also be unity at the inlet (x = 0) and then vary continuously from that point distally^However, in some treatments (8, 9) , it is assumed that C w changes discontinuously at x = 0 to a new value, C s . The contribution of; this step change in wall concentration is given by ther second term in the large brackets in Eq. 2a. When the wall concentration is held at C s along the entire length of the absorbing wall (8, 9) , the first^term in the large brackets in Eq. 2a is zero (because dC^/dx, = 0), and the variation in flux along the wall is given by the second term alone.
TYPES OF PROBLEMS SOLVED
Eqs. 2a and 2b can be used in three ways. (1) Eq. 2a can be used to solve for g(x) when C w (x) is given. The only case to be done in this paper was that in which C w was reduced to C, = 0 at x = 0 and held at zero along the entire length of the wall. Although it is unlikely that the arterial wall would normally function in such a fashion as to prescribe the interfacial concentration of a solute, this case is useful for interpreting certain experiments de-signed_to elucidate the exchange process. The particular case C s = 0 is a limiting case in which all of the resistance to solute flux is in the fluid phase and the arterial wall takes up solute as fast as it can diffuse in across the concentration boundary layer. (2) Eq. 2b can be usedjto solve for C w (x) when f (x) is given, independent of C w . The only case to be done in this paper was that in which g was uniform along the entire outer wall. This case was used to check the boundary layer solution against the finite-difference solution over a range of Pe'. At Pe' = 100, the two solutions agreed to better than 2% along the entire outer wall of the branch (11); since the boundary layer assumptions are met more closely at high Pe', and inasmuch as the Pe' characterizing the present problem is on the order of 10 5 , this agreement lends credence to the results to be presented. By fixing the mural uptake rate, the influence of variations in geometric and fluid mechanical parameters can be seen most clearly. This case would correspond to that in which uptake is governed by an essentially saturated active transport mechanism. (3) Eq. 2b can be used to solve for C w (i) when C w and g are related by some prescribed law. In this paper, g(x,) in the integrand was replaced by the function of C w (x,) given by the prescribed law, and the solution was found iteratively. Two laws were used: (a) the wall flux is proportional to the interfacial concentration of solute: g = ShC w , where the Sherwood number, Sh, is kL/D and k is the interfacial permeability. In dimensional terms, g = kC w , where C w is the oxygen tension at the mural interface. Two cases were run: in the first k was uniform, and in the second k depended on the local shear, (b) The wall flux, measuring the arterial respiration rate, is related to interfacial concentration in a Michaelis-Menten fashion: g = ACJ(l + BC W ), where A and B are constants. It should be noted that by coupling the boundary layer solution with an interfacial transport law, both the fluid-phase and interfacial resistances to solute transfer may be treated simultaneously and in a self-consistent fashion, irrespective of their relative magnitude. This treatment is in contrast to those in which the wall concentration or flux is fixed a priori, artificially decoupling the processes of boundary layer diffusion and mural uptake. Law a corresponds to the usual phenomenological law of passive transport; law b decribes an active interfacial process, where C w is in general too low to saturate the uptake mechanism.
A last remark is in order regarding the distance coordinate x. In the boundary layer solution, x measures distance along the vessel outer wall; in the fluid mechanical calculations, x is a Cartesian coordinate parallel to the parent vessel wall (Fig. 1) . These two coordinates are the same along the outer wall of the parent vessel but differ by a factor of 2 W along the oblique outer wall of the daughter. This difference was taken into account in defining il w (x') for Eqs. 2a and 2b; for consistency with the fluid flow results presented previously (2) . the definition of x used in the fluid mechanical calculations was employed in presenting the results of this work.
Input Parameters
The flow parameters u(x, y) and v(x, y) for the finite-difference calculation and Q w (x) for most of the boundary layer calculations were taken from the steadyflow computation in reference 2, where Re = 100. The nondimensional shear profile, tt w (x), is shown in Figure  2 . v = 0.04 cmVsec (13) . D = 1.6 x 10~5 cmVsec at 37°, for the cited mean plasma albumin level (10) . The use of the plasma diffusivity implies that transport in the concentration boundary layer is unaffected by the presence of formed elements in the blood. It is thus an approximation to the extent that the formed elements penetrate and affect the diffusion constant in this boundary layer. From these values of Re, v, and D, it follows that Pe' = 2.5 x 10 5 .
When g is assumed to be uniform along the wall, its value is termed g 0 . As-noted earlier,
where g 0 is the uniform mural oxygen flux. The values of L, go, and C o were based, where possible, on the properties of the human abdominal aorta. L = 0.67 cm, the radius of the human abdominal aorta (14) . g a is given by the product of the oxygen consumption rate of aortic tissue and the volume of tissue nourished per unit mural area. For a thin-walled vessel, the latter quantity is simply the thickness of wall nourished by the luminal blo<5d. The average of the reported specific oxygen consumption rates of the human aorta is 0.267 mm 3 0 2 /mg dry weight hour" 1 (15) . From the calculations in the paper of Kirk and Laursen (16) , each cubic centimeter of wet aortic tissue contains 0.25 g of solids. Since vasa vasorum are absent from the human abdominal aortic media (17) , the Circulation Research, Vol. 37, October 1975 required wall thickness was taken as the entire wall thickness of the human abdominal aorta, 0.072 cm (14) . Hence, g 0 = 1.335 x 10" 3 mm 3 O 2 /cm 2 sec" 1 . C o = 2.58 mm 3 O 2 /cm 3 (16) . From these values of L, g 0 , D, and C o , a rounded value for g 0 of 20 was obtained.
Sh =_20. This value was chosen so_that at the inlet, where C w = 1, the wall flux g = Sh-C w is g 0 . When Sh depends on Q w , the dependence is such that Sh = 20 at the inlet. A = 80 and B = 3. These values were chosen to give Sh = 20 when C w = 1 and Sh = 80 when C w = 0. The considerable variation of Sh over the C w range ensured that the calculated results were representative of an unsaturated uptake mechanism.
Results and Discussion

EFFECT OF WALL BOUNDARY CONDITIONS
The calculated flux and wall concentration profiles along the outer wall of the branch are shown in Figure 3 . When the expression for the wall flux is specified (top three curves), the wall concentration is continuous at the inlet and decreases along the outer wall as the thickness of the concentration boundary layer grows. The boundary layer thins in the neighborhood of the corner, where the shear given by the fluid mechanical calculations is particularly high (Fig. 2) ; this high shear is accompanied by a limited rise in C w , since a smaller concentration difference between the wall and the main bloodstream (where C = 1) is necessary to maintain a given solute flux level. The wall concenn» 20 - Figure 1 plotted against x. The curve is broken between the corner mesh point and the first mesh point in the daughter. The positions of the inlet and corner are denoted as I and C, respectively. tration then falls distally along the outer wall of the daughter, as the concentration boundary layer resumes its growth. The relative position of the three curves of C w vs. x follows from the fact that, for any value of V, w in the range 0 < Cu, <1, the mural flux given by the expression g = 20C w is less than that given by the Michaelis-Menten expression, which in turn is less than g 0 . Where the wall flux is less, the required concentration difference across the concentration boundary layer is less, and U w remains closer to unity.
Steady nondimensional shear profile on the outer wall of the bifurcation in
As outlined in the previous section, some care was taken to develop a reasonable value for g 0 . In contrast to the other expressions for wall flux in Figure 3 , there is no lower limit to the value of C w that may be computed when the wall flux is prescribed independent of C w . So long as flux is into the wall, the computed values of U w will be less than unity, but they may be exceedingly close to unity or they may approach zero or even go negative. It may, then, be significant that, when a reasonable g 0 is employed, a C w profile is computed which is neither physiologically trivial {C w ^ 1 throughout) nor physically unacceptable (C w negative). The geometry and the steady flux wave used Flux and wall concentration profiles along the outer wall of the bifurcation in Figure 1 , showing the effect of wall boundary conditions. Solid curve is for C w (x) wheng 0 = 20, dot-dash curve is for C w {x) when g = 20C w , dashed curve is for C w (x) when g = 8OC W /{1 + 3C W ), and dotted curve is for g(x) when C s = 0 and C w is held at zero along the entire length of the wall.
here are too unrealistic to support a claim that the results in Figure 3 can be expected to hold quantitatively in the real arterial system; nevertheless, they do suggest that concentration boundary layer development and local variations in-shear may result in important topographical differences in the ease with which proper mural nutrition is effected.
The bottom curve in Figure 3 shows how the wall flux varies spatially when C w drops to zero at the inlet to the branch. The shear profile along the wall clearly influences the shape of this curve more markedly than it does the top three curves. Even the shear minimum distal to the corner (Fig. 2) is reflected in the plot of g vs. x. It can be seen that for this boundary condition, which is essentially identical to that in references 8 and 9, the mural flux is infinite at the inlet to the branch, since the driving concentration difference is unity and the concentration boundary layer is just starting to grow.
One means of examining the influence of local shear variations on C w and g is to compare the profiles in Figure 3 with those which would obtain if the shear were the same along the entire length of the wall. For the steady flow used here, U w = 3 at the inlet and rises slowly with increasing x until the corner is approached. Figure 4 compares the outer wall profiles of C w for g 0 = 20 and g for C s = 0 against the profiles which would be obtained if the wall shear retained its inlet value throughout. The two pairs of curves reflect the fact that although both C w and g at a given point, x, depend on the entire shear profile between the inlet and x (through the G-functions in Eqs. 2a and 2b), g(x) is in addition proportional to SIJ* at x itself (Eq._2a). Hence, g responds more sensitively than does C w to the high shear at the corner but also returns more promptly toward the constant-shear solution along the initial segment of the daughter outer wall, where the shear levels are relatively low. The C w curve, however, "remembers" the high shear at the corner without being as strongly influenced by the lower shears immediately distal thereto and, accordingly, shows that the prescribed flux g 0 can be maintained in the daughter vessel at a substantially higher value of C w than would be necessary if the shear remained at its inlet value throughout.
EFFECT OF INLET CONDITIONS
The substantial decay in the calculated interfacial oxygen tension with increasing distance along the outer wall of the branch or along the length of a segment experiencing uniform shear ( Figs. 3 and 4 ) reflects the accompanying thickening of the concentration boundary layer. The results in Figures 3  and 4 , if accepted uncritically, suggest that the
DIFFUSION IN A BRANCH
FIGURE 4
Flux and wall concentration profiles along the outer wall of the bifurcation in Figure I , showing the effect of spatial variations in wall shear. The top pair of curves is of C w (x) when g 0 = 20, and the bottom pair is of g(x) when C s = 0 and C w is held at zero along the entire length of the wall. Solid curves are for ft u ,(x) given by steady-flow calculation (Fig. 2) , and dashed curves are for il w = 3 throughout. arterial wall could very easily become hypoxic, since, for the value of g 0 used, the mural oxygen tension drops nearly 40% along a length of branch outer wall equal to fewer than five aortic radii. Furthermore, such large variations are cause for concern regarding the validity of the inlet boundary condition C w (0) = 1 used in the calculations presented earlier: if C w falls as rapidly as Figures 3  and 4 indicate, how could it be even close to unity as far from the heart as the terminal abdominal aorta? It might also be asked whether the effect of spatial shear variations evident in Figure 3 would still persist if C w at the inlet were reduced.
Apart from the possibility that g is overestimated, one reason C w may not be very low distant from the heart is that the concentration boundary layer, as well as the flow field in the neighborhood of the wall, must develop anew each time the flow encounters a new surface, such as a flow divider. To assess the influence of such developmental effects on diffusion processes in the branch, two additional Circulation Research, Vol. 37, October 1975 calculations were made, one in the base-case (2) branch geometry and one in the same branch but with the parent vessel lengthened by 2L (one aortic diameter). In both cases, rather than the fully developed inlet velocity profile used to generate the curve in Figure 2 , an undeveloped velocity profile, characterized by a uniform velocity across the entire inlet cross section, was employed. Thus, both the flow field and the concentration boundary layer develop similarly from the inlet, and the results show how parent vessel length affects sheardependent diffusion in the branch itself. When the inlet velocity is undeveloped, the shear along an initial portion of the parent outer wall is higher than that corresponding to a fully developed inlet. Along this "development length," the shear falls asymptotically from infinite at the inlet to the fully developed value (Q w = 3 for the present case). Figure 5 shows the results of these calculations for g 0 = 20. Comparing the two curves having the same parent length, it is seen that the high shears accompanying flow development cause C w to be somewhat higher in the parent, but the wall concentration profile in the daughter is essentially unaffected by the boundary conditions at the inlet. It should be noted that although these two curves are similar, no account has been taken of the possibility that the high shears in the development region might affect vascular permeability.
Diffusional transport in the branch is surprisingly insensitive to the distance of the bifurcating segment from the origin of the concentration boundary layer. Referring to Figure 5 , the boundary layer grows rapidly in the "added" parent segment, so that at the base-case inlet position (/in Fig. 5 ), C w has fallen to 0.61. However, the wall concentration in this case is more responsive to the 
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high shear at the corner and falls more slowly in the daughter, so that C w at the outlet is 0.56, close to the base-case value of 0.61. Thus, even for moderate wall fluxes and laminar flows, it may be that occasional high-shear sites along the wall perturb the concentration boundary layer enough to inhibit any compromise of mural nutrition distally.
EFFECT OF BRANCH AREA RATIO
The branch area ratio, a, is defined as the sum of the areas of the two daughter vessels divided by that of the parent. All of the preceding calculations were carried out for a value of a = 0.796, as in most of reference 2. It was shown in reference 2 that a rise in a from this base-case value to 1.061 is accompanied by a considerable reduction in the average wall shear in pulsatile flow, particularly in the daughter vessel. A similar result is observed in steady flow. When a = 0.796, the minimum nondi-.mensional steady shear along the outer wall of the daughter vessel is 6.1 (Fig. 2) ; the corresponding value is 2.0 when a = 1.061. The influence of this reduction in shear levels on transport is shown in Figure 6 . Although the curves of C w vs. distance along the outer wall of the branch remain quite close through most of the parent vessel, they begin to separate proximal to the corner and then diverge considerably in the daughter. The lower shears in the branch having the larger area ratio cause the Cw Wall concentration profiles along the outer wall of a bifurcation, showing the effect of branch area ratio, a, for g 0 = 20. Solid curue is for a = 0.796, and dashed curve is for a = 1.061. The positions of the inlet and the corner are denoted as I and C, respectively.
wall tension of oxygen to be less, for a given arterial consumption rate. An analogous result is obtained when C w is fixed at zero and g(x) is followed. When a = 1.061, g is 75 at the corner, falls to a minimum of 29 along the outer wall of the daughter, and is 37 at the outlet (Fig. 3) .
THE INFLUENCE OF SHEAR-DEPENDENT PERMEABILITY
A number of studies have shown that the arterial uptake of albumin (5, 6) and cholesterol (9) is influenced by the shear rate at the wall. As noted earlier, Eq. 2b permits the specification of a functional relationship between C w and g, so that the role of interfacial transport can be examined without compromising the description of convection and diffusion of solute in the adjacent fluid phase.
The effect of shear-dependent permeability on wall flux and interfacial concentration is illustrated in Figure 7 . The wall permeability is taken to be proportional to local shear stress (in nondimensional terms, Sh "• Q w ) with a proportionality constant such that Sh = 20 at the inlet to the branch. Hence, the curves for constant and spatially varying permeability are close near x = 0. However, Q w (hence Sh) rises as the corner is approached and, for the steady-flow case, never returns to a value as low as that at the inlet (Fig. 2) . As a result, the flux into the wall rises to very large values and the concentration at the wall drops markedly as the corner is approached. The shape of the C w profile proximal to the corner results from the high fluxes in this region, since C w must fall to maintain a balance between fluid-phase diffusion and uptake across the intima of this exceptionally leaky segment of the branch. Immediately distal to the corner, the wall shear and mural permeability drop markedly (Fig. 2) , causing a sharp drop in flux and an accompanying recovery of interfacial concentration. Distally, the flux again rises with increasing wall shear toward a plateau. The plateau reflects a balance betweeen two competing phenomena: increasing permeability (as Q w rises toward the outlet value) and decreasing C w (to maintain the flux in the face of a thickening concentration boundary layer). Since the boundary layer continues to grow distally even after the wall shear has reached its outlet value, the latter effect finally dominates and g begins to fall as the end of the segment is approached.
IMPLICATIONS FOR ATHEROGENESIS
Several hemodynamic theories of atherogenesis invoke wall stress as the hemodynamic factor whose distribution in the arterial tree determines Flux and wall concentration profiles along the outer wall of the bifurcation in Figure 1 , showing the effect of shear-dependent wall permeability. Solid curve is forg = 20C w , and dashed curve is for g = (2OI3)Q W C W . Note the scale change at g = 31._The ordinates are such that the solid curve presents both g and C w . that of vascular lesions (1) . The stress may act directly, with the lesions constituting a tissue response to mechanical damage, or more indirectly, in the case of shear, by affecting blood-phase transport or the resistance of the intimal endothelium to solute passage. If the onset of atherosclerosis is a result of direct shear effects on the wall, then lesions would be predisposed to sites experiencing high shear. In contrast, if shear controls the distribution of lesions via its enhancement of blood-phase and interfacial mass transport, then the implied relationship between shear profiles and lesion sites depends on the rate-controlling transport processes involved. In the simplest terms, if the crucial flux is of "good" species (i.e., oxygen Circulation Research, Vol. 37, October 1975 [10] ) to the wall or of "bad" species (i.e., lipid [7] ) away from the wall, then regions of low shear, where these fluxes are impaired, will be predisposed to disease. An opposite conclusion follows if the shear-controlled fluxes are of bad species to or good species away from the wall.
Unquestionably, all of these shear effects occur to some extent in the arterial tree. It is, however, important to note that the present work yields wall profiles of flux and concentration which exhibit at least as much spatial variability as shear itself. The solutions presented in this paper, although derived only for steady flow, do allow for a self-consistent examination of the simultaneous effects of shear on both bulk-phase transport and interfacial permeability. It should be possible to combine experimental data on the shear-dependent intimal permeability to larger molecules and on their plasma diffusion coefficients with fluid mechanical calculations or measurements of realistic shear fields to gain more insight into the relative importance of the various ways in which hemodynamics may affect the local development of arterial pathology.
